Abstract-Trapping is one of the most deleterious effects that limit performance and reliability in GaN HEMTs. In this paper, we present a methodology to study trapping characteristics in GaN HEMTs that is based on current-transient measurements. Its uniqueness is that it is amenable to integration with electrical stress experiments in long-term reliability studies. We present the details of the measurement and analysis procedures. With this method, we have investigated the trapping and detrapping dynamics of GaN HEMTs. In particular, we examined layer location, energy level, and trapping/detrapping time constants of dominant traps. We have identified several traps inside the AlGaN barrier layer or at the surface close to the gate edge and in the GaN buffer.
I. INTRODUCTION
G aN high-electron mobility transistors (HEMTs) have demonstrated outstanding performance in RF power and high-voltage switching applications [1] , [2] . One of the most deleterious mechanisms that limit the performance and reliability in GaN HEMTs is the prominent trapping effect [3] . The socalled "current collapse"-a recoverable temporary reduction in drain current after the application of a high voltage-is perhaps the best known of these trapping phenomena.
In the ON-state, hot electrons from the channel can gain enough energy to overcome the energy barrier that exists in the extrinsic region of an AlGaN/GaN HEMT and get trapped at the surface or inside the AlGaN barrier itself [4] , [5] . These trapped electrons change the electrostatics such that they deplete the channel carrier concentration in the extrinsic drain, resulting in a reduction of the drain current [6] . Although the trapping at the surface or inside the AlGaN barrier layer is believed to be important in current collapse, it has also been postulated that electron trapping in the GaN buffer can cause it [3] . This type of current collapse was not observed in devices built on a conducting buffer layer [3] . On the other hand, in the OFF-state under high V DG , surface states between the gate and the drain can trap electrons that tunnel from the gate metal [6] - [8] . Consistent with this kind of trapping, the surface potential in the extrinsic region was measured by Koley et al. by using the Kelvin probe technique, and it was found that applying a high voltage in the OFF-state accumulates negative change on this surface [7] . It has been widely observed that the trapping in GaN HEMTs has a slow nature. Although fast components have also been reported [9] , [10] , the recovery time from current collapse is generally long (> 100 s or even a few days) [6] , [7] , [11] , [12] . This makes this phenomenon of critical relevance in every conceivable application of these devices, i.e., from RF systems to power electronics.
Trapping effects in GaN HEMTs are important for two reasons. First, they are a performance-limiting factor. In RF applications, for example, trapping results in limited RF performance, compared to what is expected from dc characterization [13] . As a result of their slow nature in the AlGaN/GaN system, traps also play a key role in reliability. As a device operates at high voltage, the electrons become trapped in various locations, degrading device performance. Moreover, it has been widely seen that the trapping effects increase after device degradation [11] , [13] - [20] . The increased trapping reduces the performance of the device even more rapidly and thus undermines its reliability.
Various methods, such as deep-level transient spectroscopy (DLTS), gate-lag measurement, low-frequency noise measurement, and frequency-dependent g m dispersion and conductance analysis, have been used in GaN HEMTs to study their trapping behavior [3] , [15] , [19] , [21] - [23] . In spite of this, detailed understanding of the characteristics of the traps is still lacking today. In addition, the existing techniques are not easily incorporated in long-term electrical stress experiments.
In this paper, we present a methodology to analyze the trapping and detrapping behavior in GaN HEMTs that is amenable to integration with long-term stress experiments. Using the proposed technique, we determine the layer location, energy level, and trapping/detrapping time constants of the dominant traps that exist in the studied devices. This paper augments and refines the description of the methodology that is first introduced in [5] . In Section II, we describe the experimental setup and technical details of the proposed technique. In Section III, we present the results obtained in trapping and detrapping experiments on state-of-the-art GaN HEMTs. We summarize the key conclusions of this paper in Section IV.
II. METHODOLOGY
There are various methods to investigate the trapping behavior in semiconductor structures. However, these techniques are not always suitable for studying actual semiconductor devices 0018-9383/$26.00 © 2010 IEEE due to their typically small dimensions. A good example is the DLTS [24] . Since the original technique relies on a measurement of capacitance, it is usually difficult to apply it to highly scaled transistors due to the difficulty in accurately measuring very small capacitance in a short time.
In order to overcome these difficulties, several techniques relying on current measurements have been developed. The gate-lag and drain-lag measurements [3] , [9] , [10] and drain current DLTS technique [25] are good examples of currenttransient-based techniques that have been used in GaN FETs. In addition, frequency-dependent transconductance measurement and low-frequency noise measurement have been utilized to study the trapping behavior [21] , [22] , [26] .
An additional difficulty arises when a trap characterization technique is desired to be integrated onto a comprehensive device characterization suite to study device degradation in real time, as is our case. For this to be possible, the trap characterization technique must be probe and cable compatible with the rest of the instrumentation, be very fast, and must yield useful information from single-temperature measurements. Toward this goal, in this paper, we have developed a new methodology to study the trapping behavior in GaN HEMT. In our preliminary studies, this technique was integrated in the middle of stress experiments to analyze the change in trapping behavior during high-voltage degradation [5] , [27] .
Our method consists of trapping and detrapping currenttransient measurements and their analysis to obtain the corresponding time-constant spectra. As in other techniques based on current transients, we assume that the change in the current results from the change in trapping status in the device. We separately investigate the trapping and detrapping behavior. In the trapping experiments, a bias voltage is applied, and the drain and/or gate currents are sampled at certain points in a logarithmic time scale to monitor the carrier trapping. Different bias points are used in order to induce different modes of trapping and at different locations in the device. These bias points include the ON-state (high I D and relatively high V DS ) and V DS = 0 state (relatively high negative V GS with V DS = 0).
In the detrapping experiments, a trapping pulse in which both the drain and gate voltages are synchronously pulsed is first applied in order to induce carrier trapping. As in the trapping studies, we exploit various pulsing conditions (pulsewidth and voltage in ON-state and V DS = 0 state for example) to induce different starting trapping situations at different locations. Right after removing the trapping pulse, we monitor the recovery transient of the current over a length of time. The transient data that emerges from these experiments is analyzed through a mathematical procedure that extracts the dominant time constants. This is described in detail in the following.
In our implementation, the current transient is measured through the sampling mode of an Agilent B1500A semiconductor parameter analyzer. In our system, the minimum time resolution is about 2 ms. Thus, the very first measurement of the current is performed 2 ms after voltage application. In the trapping experiments, the measurement is a simple sampling of the drain/gate bias current as a function of time.
In detrapping experiments, in principle, the maximum drain current I D max is the most suitable parameter to monitor since 
it is directly related to device performance. However, we find that the measurement of I D max over an extended period of time induces a significant amount of trapping in itself due to the relatively high drain voltage that is used (> 5 V for typical GaN HEMTs). This is illustrated in Fig. 1 , where we show the continuous measurements of I D max (defined as V GS = 2 V and V DS = 5 V) over 50 s in a virgin device. A significant decrease in I D max is observed. To overcome this difficulty, we instead measure the drain current in the linear regime, I Dlin (V GS = 1, V DS = 0.5 V). Fig. 1 shows that a measurement of I Dlin over a long period of time induces minimal trapping. This is due to the much lower V DG and, thus, the electric field of the I Dlin condition, as compared to the I D max condition. In addition, because of large self-heating at the I D max condition (∼6 W/mm), it is difficult to accurately determine the device temperature when measuring I D max to monitor the detrapping. This represents a significant drawback for understanding detrapping. In the measurement of I Dlin , self-heating is negligible. Measuring I Dlin is essentially identical to measuring R ON (= R S + R CH + R D ), and we have already shown that I D max and the series resistance show the same trapping and detrapping behavior [11] .
In the detrapping experiments, the minimum time resolution of our instrumentation prevents us from measuring I Dlin during the first 2 ms after removing the trapping pulse. As already shown in [12] , this corresponds to about 40% of the current collapse in I D max that we can measure with a much faster pulsed I-V system at room temperature. However, by lowering the temperature, we are able to obtain significant information because thermally activated detrapping processes become slower at lower temperatures.
The trapping and detrapping transient data, I data (t), is analyzed by fitting them to a sum of pure exponentials in a least-mean-square fashion. The underlying assumption is that a current transient involves several independent trapping and detrapping processes, each decaying in time in an exponential way. This assumption makes sense for a detrapping process because a process of recovery from a nonequilibrium state of which decay rate is proportional to the population of the state follows exponentials time dependence. It also makes sense for a trapping process if the carriers have to overcome an energy barrier, as the rate of transport through the barrier is proportional to the carrier population. The fitting function can be expressed as
The fitting is performed to minimize the sum of |I data − I fitted | 2 at the measured points. In this process, a i 's are the fitting parameters to be evaluated, whereas τ i 's are the predefined constants. For the fitting function, we typically use 100 exponentials with time constants τ i that are equally spaced logarithmically in time. Positive (negative) values of a i correspond to the trapping (detrapping) processes. a i represents the magnitude of the trapping (detrapping) process of time constant τ i . Our measurement and analysis are carried out in the 10 −3 to 10 3 s range. After the fitting is done, the extracted values of a i can be used to construct a time-constant spectrum by plotting them as a function of τ i .
In order to show how this methodology works, we apply our fitting algorithm to an artificial data set. This is illustrated in Fig. 2 . The time-domain signal in this example consists of two pure exponential detrapping components with time constants of 1 and 10 s. In this unitless example, the amplitudes of the two components are 2 and 1, respectively. After we generate the data, we fit it using (1) with various numbers of exponentials (n = 20, 50, 100, and 500), and we then plot the obtained amplitudes in the time-constant spectrum in Fig. 2(b) . This clearly reveals the two components with their correct time constants and correct relative amplitudes. As n increases, the time constants and amplitudes become more accurate, although, even with n = 20, the maximum errors in the time constant and amplitude are 11% and 5%, respectively.
Although two delta-function-like peaks at 1 and 10 s would be an ideal representation of the transient of Fig. 2(a) in the time-constant domain, the method yields two peaks with finite width. In addition, a few small ripples appear around the two peaks. These nonidealities are caused by two reasons. First, we used a finite number of exponential components for the fitting in (1). Using more exponentials can reduce the width of the peaks to some extent, as shown in Fig. 2(b) , but at the cost of more computing time for the fitting process. Since linewidth does not significantly improve beyond n = 100, we have selected this number of points for our paper. Second, although the basis functions-the decaying exponentials-in (1) make physical sense, as previously mentioned, they are not orthogonal to one another. In fact, this is why we cannot do a simpler analysis, e.g., something that is similar to a Fourier transform, and also, there is a need for a least-mean-square fitting approach. Because of these reasons, in our paper, we regard any peak with full-width at half-maximum of 0.65 dec (for n = 100) as a pure exponential process, as shown in Fig. 2 .
In principle, this fitting is a linear optimization problem. However, in order to prevent over-fitting that would make the time-constant spectrum extremely noisy, a few constraints such as lower and upper bounds or smoothness in the spectrum have been added. In the latter case, for example, |a i − a i+i | 2 terms have been added to the optimization cost function. Another approach could be also minimizing |a i |'s. Due to these constraints, this problem mathematically turns into a nonlinear optimization, and it takes quite a long time to be solved. As a result, we have limited the number of exponentials to 100, which, in our experience, represents a good compromise between computation time and physical meaningfulness of the result.
Our methodology has several advantages over conventional trap analysis methods. First, by using a double pulse where both the drain and gate voltages can be simultaneously pulsed between two arbitrary bias points, we can induce various states of trapping in different regions of the device. This allows us to spatially localize traps, as will be shown later. Second, the extraction of a time-constant spectrum is particularly powerful when multiple processes are simultaneously present. As the example in Fig. 2 illustrates, our technique is capable of separating individual processes with their well-defined time constants and relative amplitude just as in the DLTS method.
III. RESULTS
Transient experiments in unstressed GaN HEMTs biased in different ways have been performed at chuck temperatures between −60
• C and 130 • C. In order not to degrade the device during the experiments, the maximum voltage is kept below 10 V in all cases. This voltage is well below the critical voltage beyond which trapping behavior in the device has been observed to significantly increase in this kind of transistors [5] , 
No pulse is applied before the transient measurement. Two major trapping processes, i.e., TP1 and TP2, can be identified. [28] . After each transient measurement, the initial condition of the device was completely recovered by shining microscope light for 30 s. In this way, all trapped electrons are detrapped. In general, although visible light works in many cases, ultraviolet light is preferable for detrapping purposes, particularly if deep levels are present. All the experiments in this section have been performed on the same device, but they are representative of the results obtained on many other devices.
A. Trapping Behavior
First, we study the trapping behavior of a device in the ONstate. The bias is V GS = 1 V and V DS = 2 to 8 V. We monitor only I D for fast measurement and better signal-to-noise ratio. A typical I D transient at V DS = 6 V at 30
• C is shown in Fig. 3 . The corresponding time-constant spectrum is also shown. As it can be seen, I D decreases over time in a transient that persists even after 10 min. This reduction in I D is fully recoverable after microscope light illumination, suggesting it is solely due to temporary trapping in traps that exist in the virgin device.
In the time-constant spectrum, two major trapping processes, which we label TP1 and TP2, can be identified. At this temperature, the time constants of these processes are about 3 and 0.1 s, respectively. In similar experiments in which different values of V DS are applied, we find that the time constant of TP2 does not change, although its amplitude increases with V DS (see Fig. 4 ). On the other hand, the time constant of TP1 is reduced as V DS is increased. This can result from either higher temperature due to high power dissipation or could be a consequence of the higher electric field at high V DS . This is clarified through the subsequent experiments.
In order to understand the temperature dependence of the trapping behavior in the ON-state, we have performed the same experiment as in Fig. 3 at different temperatures. Fig. 5 shows the time-constant spectrum of the trapping transients. We find that the time constant for TP1 is thermally activated, whereas that for TP2 is insensitive to temperature. This suggests that, in trapping process TP1, the electrons have to overcome an energy barrier before they can get trapped. Additionally, for TP1, the linewidth of the peak is broader than the intrinsic linewidth [see Fig. 2(b) ], suggesting a broad-trap-energy distribution or thermal broadening. From the time constant of TP1 at different temperatures and voltages, its activation energy is estimated to be between 0.62 and 0.90 eV. The relatively large variation in E a is mainly due to uncertainty in the device thermal resistance and, therefore, its temperature. In the ON-state, the temperature in the device can significantly increase due to high power dissipation. Although the channel temperature can be calculated or measured through various methods [29] - [31] , it is difficult to precisely estimate the temperature at the exact region where this trapping process occurs. As a result, experiments where no self-heating occurs are preferred to extract E a .
To resolve these issues, we have performed similar trapping experiments in the V DS = 0 state where device self-heating is negligible. In this case, a negative gate bias of −5 V is applied, and I G is monitored over time (the channel current is zero). Typical time-constant spectra for different temperatures are shown in Fig. 6 . As in the ON-state, in this experiment, we observe a temperature-dependent process. The time constant of this process is close to that of TP1 in the ON-state with V DG = 5 V, when one takes into consideration the self-heating that is present in the ON-state. Additionally, the activation of the time constant is 0.74 eV, which is within the range of E a that we observe in the ON-state experiments. This suggests that the trapping process that we observe in the V DS = 0 state in Fig. 6 is the same process as TP1 in the ON-state in Figs. 3-5 . Interestingly, the time constant and E a of TP1 in the V DS = 0 state are independent of the V GS value (not shown). This is consistent with our interpretation that the V DS dependence of the time constant of TP1 in the ON-state arises from self-heating.
Unlike the ON-state, in the V DS = 0 state, we do not observe a TP2-like process that is temperature independent. Since all the trapping in the V DS = 0 state should result from gate leakage current, we can then conclude that TP1 is associated with electron injection from the gate and trapping either inside the AlGaN barrier or at the surface close to the gate. However, the extended features that are visible in Fig. 6 suggest the existence of a broad range of trapping processes where TP1 is the only the most prominent. On the other hand, since TP2 appears only when the channel current is present, it should then be related to the trapping of channel electrons perhaps through a tunneling process. We have ruled out a thermal transient origin for TP2 due to self-heating because this process is much slower (∼0.1 s) than the typical thermal time constant (∼ μs). In addition, the fact that the time constant of TP2 does not change with temperature (see Fig. 5 ) is also inconsistent with a purely thermal origin as the thermal conductivity changes with temperature [32] - [34] , and this would lead to a thermal time constant that would also depend on temperature. The fact that TP2 is observed at as low a voltage as V DG = 1 V (see Fig. 4 ) suggests that it is unlikely to be a hot-electron trapping process at the surface or inside the AlGaN. Hot-electron-related processes should have a negative temperature dependence and an exponential dependence on V DG . Neither does TP2 exponentially decay with V DG (see Fig. 4 ) nor it shows a negative temperature dependence (see Fig. 5 ). As a result, we believe that this process occurs in the channel or in the buffer region.
A pictorial view of trapping processes TP1 and TP2 is shown in Fig. 7 . In the ON-state, the gate current injects electrons into AlGaN and the surface, and some of these electrons are trapped in this region (TP1). Some of the channel electrons are captured by the traps in the channel or in the buffer (TP2). On the other hand, in the V DS = 0 state, only the first process (TP1) occurs in both the source and drain sides.
B. Detrapping Behavior
We have also examined the recovery processes after the application of a pulse that leads to electron trapping. This section shows the results obtained on the very same device as in the previous section. They are representative of many devices that we have studied. Fig. 8 shows a detrapping transient of I Dlin and the corresponding time-constant spectrum at −20
• C, right after trapping is induced by applying a 1-s-long V DS = 0 state pulse of V GS = −10 V. As one can see, at 2 ms, this pulse introduced a current collapse of about 1.3% in I Dlin . Up to around 1 s, the collapsed drain current does not recover. For longer times, the current recovers through a well-defined detrapping process, which is marked as DP1, with a time constant τ ∼ 4 s. As shown in Fig. 9 , this time constant depends on temperature and is thermally activated with a very well defined activation energy E a = 0.57 eV. A trap at around this energy level with respect to the conduction band edge of the AlGaN is widely observed in DLTS and other transient techniques [21] , [25] , [35] , [36] . This kind of trap was found to increase after device degradation [5] , [21] , [35] , [36] . Since, in the V DS = 0 condition, we know that trapping only occurs in the AlGaN barrier or at the surface close to the gate (TP1 in Fig. 7) , it is reasonable to conclude that detrapping process DP1 that is observed here is a reverse process of those trapping processes, including TP1. This is schematically shown in Fig. 10 . Interestingly, the sum of the activation energy of TP1 (0.74 eV) and DP1 (0.57 eV) is close to the Schottky barrier height (1.27 eV) [37] . This suggests that this trap is inside the AlGaN barrier and is generally consistent with the overall picture in Figs. 7 and 10. Tapajna et al. also concluded that a trap with a similar behavior is located in the AlGaN barrier [36] . Fig. 11 shows a recovery transient after electron trapping induced by an ON-state pulse (1 s, V GS = 0 V, V DS = 10 V). In this condition, we know that during the trapping pulse, high drain current flows, and the trapping takes place inside the AlGaN or at the surface close to the gate edge (TP1) and most • C and 100
• C (not shown), we have observed that DP1 exhibits the same time constant and temperature dependence (E a = 0.57 eV) as in the V DS = 0 state. On the other hand, DP2 is temperature independent. This suggests that DP1, after the ON-state pulse, results from the same trap that is involved in DP1 for the V DS = 0 state pulse and that DP2 involves a bottleneck transport process in series with a detrapping process that is itself much faster than 0.1 s. This is in perfect symmetry with the experimental observations on TP2 in the earlier section.
In order to further explore the physics of DP1 and DP2, we have investigated the dependence of these two detrapping peaks on the parameters of the trapping pulse (time duration, current, and voltage). The trapping pulsewidth dependence is shown in Fig. 12 . DP2 is found to be negligible for an ON-state pulse that is shorter than 0.1 s. This coincides with the value of the time constant of TP2 obtained in trapping experiments (see previous section), which was attributed to the trapping of the channel electrons in the buffer or channel area. It further suggests that TP2 and DP2 are the exact inverse processes of each other, engaging the very same set of traps because the trapping pulses that are shorter than the time constant of TP2 will not introduce the trapping to those traps. On the other hand, DP1 for the ON-state pulse does not show this kind of threshold in the pulsewidth, consistent with the observations in [36] . In contrast with this, DP1, after the V DS = 0 pulse, decreases as the pulsewidth increases. This may be due to the fact that the electric field at the gate corner is reduced due to the trapping itself [8] , [38] . As a result, some of the trapped electrons get detrapped as the trapping time increases (increasing pulsewidth), and the electric field decreases.
We have also investigated the impact of the current that flows through the device during the trapping pulse on the magnitude of the detrapping processes. Fig. 13 shows that the magnitude of DP2 scales with the current level of the trapping pulse at constant V DG = 10 V and roughly goes to zero when the current goes to zero. This is consistent with the previous finding that in the V DS = 0 state, neither TP2 nor DP2 is present as the channel current is zero and confirms the channel or buffer nature of these transients. Since the time constant of DP2 after the ON-state pulse is always exactly the same as that of TP2 observed in the ON-state trapping process (see Figs. 3-5 and 11), these results strongly suggest that DP2 and TP2 are the inverse processes of each other and that both are related to the buffer trapping/detrapping of the channel electrons (see Figs. 7 and 10). The time constant (∼0.1 s) is the RC charging/discharging time [39] or the transit time that it takes for an electron to reach the traps that are deep in the buffer. In fact, Binari et al. ascribed the current collapse induced by a high current and a high V DS pulse to the trapping in the buffer [3] , which is consistent with our result. A pictorial diagram of DP2 process is shown in Fig. 10 . On the other hand, DP1 is almost constant over the pulse current, except that it slightly decreases at very high current. This may be due to the reduction of the electric field at the gate corner as the channel fully opens. In addition, the channel temperature becomes higher at high current, resulting in less trapping. The fact that DP1 does not increase with I D confirms that the source of electrons for DP1 is not the channel but the leakage from the gate.
Finally, we have examined the voltage dependence. This is shown in Fig. 14 . As it can be seen, the magnitudes of both DP1 and DP2 linearly increase with V DG of the ON-state pulse [see Fig. 14(a) ]. This linear dependence of DP2 again shows that DP2 is not related to hot-electron trapping that should exhibit the exponential dependence on V DG . The same linear behavior with |V GS | is observed for the amplitude of DP1 after the V DS = 0 pulse [see Fig. 14(b) ].
IV. CONCLUSION
We have presented a simple current-transient methodology to investigate the characteristics of the traps in GaN HEMTs.
The method consists of the measurement of the trapping and detrapping transients and the analysis of the data in timeconstant domain. We have identified several traps located above the channel, in the AlGaN or at the surface, and in the buffer. Under ON-state bias, where both high electric field under the gate edge and high current in the channel are present, the trapping takes place in two distinct regions: the AlGaN barrier (or surface) and the buffer (or channel). The trapping in the AlGaN is thermally activated, whereas the buffer trapping is temperature independent. On the other hand, under V DS = 0 state with negative gate bias, only the trapping to AlGaN takes place due to lack of channel current.
In the recovery transients, we have identified several detrapping processes. The detrapping from the AlGaN barrier has been found to be thermally activated, but the detrapping from the buffer did not show any temperature dependence. The latter process has been found to be the exact inverse process of the buffer trapping process in the ON-state.
Because our methodology is amenable to integration with long-term electrical reliability experiments [5] , [36] , we expect this technique to be used for understanding the evolution of trapping behavior as a result of electrical degradation in GaN HEMTs and other electronic devices.
